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We have investigated the structural, magnetic and superconducting properties of
[Nb(1.5nm)/Fe(x)]10 superlattices deposited on a thick Nb(50nm) layer. Our investigation
showed that the Nb(50nm) layer grows epitaxially at 800◦C on Al2O3(11¯02) substrate. Samples
grown at this condition posses a high residual resistivity ratio of 15-20. By using neutron
reflectometry we show that Fe/Nb superlattices with x < 4 nm form a depth-modulated FeNb
alloy with concentration of iron varying between 60% and 90%. This alloy has properties of a weak
ferromagnet. Proximity of this weak ferromagnetic layer to a thick superconductor leads to an
intermediate phase that is characterized by co-existing superconducting and normal-state domains.
By increasing the thickness of the Fe layer to x = 4 nm the intermediate phase disappears. We
attribute the intermediate state to proximity induced non-homogeneous superconductivity in the
periodic Fe/Nb structure.
I. INTRODUCTION
The term proximity effect was first introduced in the
1960s when considering contact of a normal (N) metal
and a superconductor (S). It was shown that the su-
perconducting correlations can penetrate into the nor-
mal metal, so that the order parameter in the latter
Ψ(z) ∼ exp(−z/ξN) is nonzero over a depth ξN , which
can reach values of several microns. In ferromagnetic (F)
materials the proximity effect exists also, however with
one essential difference: the coherence length in the ferro-
magnet ξF is complex, so that the order parameter is not
only a damped but also an oscillatory function. In the
most common case of dirty ferromagnets the penetration
length can be expressed as ξF =
√
~DF /Eex. Here DF
is the diffusion constant, and Eex is the exchange field
of the ferromagnet. In mean field theory [1] Eex ∼ Tm
where Tm is the Curie temperature.
The proximity effect in S/F structures has great tech-
nological importance for creation of spintronic devices
where the transport properties of the structure are con-
trolled via manipulation with magnetic order in the F
subsystem [2–4]. The best performance of such devices
is realized for the case dF ∼ ξF . Strong ferromagnets
like Fe, Co or Ni with Eex ∼ 1000K have typical ξF of
order of 1 nm [5–8], which makes it difficult to create a
homogeneous F layer of such small thickness. The natu-
ral way to increase ξF is reduction of Tm, which can be
accomplished e.g. by alloying strong ferromagnet with
non-magnetic atoms. We can mention copper-nickel [9–
11] and palladium-iron ferromagnets [12–14] ferromag-
nets where such alloying led to significant suppression of
Tm.
Iron and niobium is another pair of metals which have
been intensively studied [6, 7, 15–21]. Iron is a strong
ferromagnet with Tm=1044K and Nb is a superconduc-
tor with bulk superconducting transition temperature
TC = 9.3K. Proximity effects in Fe/Nb systems were
extensively studied before [6, 7, 18, 19]. The RKKY cou-
pling of Fe layers through Nb(y), y=(1.3+0.9×n)nm (n
= 0,1,2) was reported in Refs. [15–17]. Moreover in [17]
it was shown that hydrogen uptake can influence the ex-
change coupling.
A peculiarity of Fe/Nb heterostructures is the high mu-
tual solubility of Fe and Nb, leading to the formation of
an FeNb alloy on the interface. In this work we aim to
elucidate the structural, magnetic and superconducting
properties of Fe/Nb superlattices in proximity to a thick
superconducting Nb layer. To study the effect of alloying
we varied the growth temperature as well as the Fe layer
thickness.
II. EXPERIMENTAL
A. Growth conditions and techniques description
Samples of nominal structure
Pt(3nm)/[Nb(1.5nm)/Fe(x)]10/Nb(50nm) were pre-
pared on Al2O3(11¯02) substrates using a DCA M600
MBE system with a base pressure of 10−10 mbar. Before
deposition, the substrates were cleaned from organic
contaminations with ethanol and isopropanol ex-situ and
heated at 1000◦C in ultra high vacuum for 2-3 hours.
A 50 nm thick Nb layer was deposited at a typical
rate of 0.6A˚/s and substrate temperature TNb = 800
◦C
for samples s1 to s5 and TNb = 33
◦C for sample s6.
Subsequently, the substrate temperature was decreased
to TPS = 30
◦C-100◦C (see table I) and a periodic
structure [Nb(1.5nm)/Fe(x)]10 was deposited starting
2from the iron layer. The growth rates for both elements
in the periodic structure were about 0.1 A˚/s. On top a 3
nm Pt cap layer was grown to protect the sample against
oxidation at about 0.3 A˚/s at room temperature. Fe
was deposited by thermal evaporation from an effusion
cell while Nb and Pt were grown by electron beam
evaporation. Reflection high energy electron diffraction
(RHEED) was measured in-situ during deposition to
trace the structure of the atomic layer being deposited.
For the RHEED experiment electron beam of 15 keV
energy was directed along the [202¯1¯] azimuth of the
sapphire substrate.
(b)
(a)
FIG. 1: Sketch of the structure and reflectometric
experiment (a) and set up for the transport
measurements (b). Black arrows show the direction of
the neutron beam.
In order to check the crystal structure and the qual-
ity of the epitaxial growth, X-ray diffraction measure-
ments were performed using a θ-2θ diffractometer. The
diffractometer operates at the wavelength λ=1.54 A˚and
is equipped with a DECTRIS line detector, which al-
lowed simultaneous measurement of both specular and
off-specular reflections.
The polarized neutron reflectometry (PNR) experi-
ments were conducted on the angle-dispersive reflectome-
ter NREX (λ = 4.28 A˚) at the research reactor FRM-II
(Garching, Germany). During the experiments we ap-
plied a magnetic field in-plane and normal to the sample
plane. Data were fitted to models using the exact so-
lutions of the Schro¨dinger equation as described in our
prior work [22–24].
For the transport experiment we used the device de-
picted in Fig. 1b. The device consists of four metallic
springs touching surface of the sample. The tension of
the springs is high enough to ensure good contact with
the sample surface and measure resistivity using a stan-
dard four-point contact method. The setup is designed
to enable simultaneous PNR and transport experiments,
though in this work we used it ex-situ. For the mea-
surements we used an ac-current with an amplitude of
∼ 100-200 µA. In the experiment we measured the resis-
tance of samples W as a function of temperature T and
magnetic fieldH which was applied parallel to the sample
surface. Before every H-scan we waited 10-15 minutes to
stabilize the temperature. From the transport measure-
ments we derived the residual resistivity ratio RRR =
W (300K)/W (10K), the superconducting transition tem-
perature TC and its width ∆TC . The latter two parame-
ters were defined as the center and the width of derivative
dW/dT , respectively.
B. Reflectometry data analysis
To study interdiffusion processes in a layered struc-
ture a reflectometry technique (X-ray or neutron) can be
used [25–27]. In this method a reflectivity curve R(Q)
is measured as a function of momentum transfer Q =
4pi sin(θ)/λ. In the kinematical approximation the reflec-
tivity is proportional to the square of the Fourier trans-
form of dρ(z)/dz, where ρ(z) is the depth profile of the
scattering length density (SLD). The SLD is defined as
the product of the averaged scattering length b¯ and the
density N . For a periodic structure with period D re-
peated n-times one can write a simple expression for the
reflectivity: [28]
R(Q) = |Ln(Q,D)F (Q, ρ)|2, (1)
where Ln(Q,D) = (1 − einQD)/(1 − eiQD) is the Laue
function and F (Q, ρ) - is the structure factor of the unit
cell. The latter can be written for the case of Fe(x)/Nb(y)
periodic bilayer as
F (Q, ρ) =
4pi∆ρ
Q2
eiQx(1 − eiQy), (2)
where ∆ρ = (ρFe − ρNb) - is the contrast between the
SLDs of Fe and Nb. Thus from (1) and (2) it follows
that reflectometry measures the contrast between SLDs
of neighboring layers. Using (1) and (2) we can write for
the reflectivity R1 at the first Bragg peak Q1 = 2pi/D:
∆ρ =
√
R1Q
2
1
8pin
. (3)
Thus the Bragg analysis allows us to determine the
contrast between the SLDs of Fe and Nb. Interdiffusion
will lead to suppression of the contrast and hence of R1.
Under assumption that the packing density Nav is the
same for both layers we may estimate the concentration
of Fe in the FecNb1−c alloy as
c =
b¯− bNb
bFe − bNb , (4)
where b¯ = ρ/Nav is the averaged coherent scattering
length of a corresponding layer, and bFe and bNb
3coherent scattering lengths of Fe and Nb. The X-ray
SLDs of Fe and Nb differ only by a few percent which
makes the X-ray contrast very small even without inter-
diffusion. For neutrons, in contrast, the SLDs of Fe and
Nb, ρFe = 8 × 10−4 nm−2 and ρNb = 3.9 × 10−4 nm−2,
differ by a factor of two, which makes neutron reflectom-
etry a better choice to study diffusion in periodic Fe/Nb
structures. Another advantage of neutron reflectometry
is its sensitivity to the magnetic depth profile. The total
SLD for spin-up(+) and spin-down(-) neutrons can be
written as ρ±(z) = ρ0(z)± ρm(z), where ρ0 and ρm are
the nuclear and magnetic SLDs. The latter is propor-
tional to the magnetization of a layer. Thus in addition
to the chemical diffusion we can study ”magnetic” diffu-
sion.
C. Structural study
1. Growth analysis with RHEED
The RHEED pattern of the Al2O3(11¯02) substrate
(Fig 2a) reveals a crystalline structure with Laue rings
and Kikuchi lines indicating a smooth and ordered sur-
face. Nb deposition at 800◦C results in a streaky pat-
tern and a Laue ring (Fig 2b) revealing epitaxial growth
in agreement with previous results [29–32]. In partic-
ular, the epitaxial Nb growth of (100) orientation on
Al2O3(11¯02) substrates was reported in [32]. The pe-
culiarity of this growth, also seen in our samples, is an ∼
3◦ angle between the above mentioned planes of Nb and
Al2O3(11¯02). At TNb =30
◦C a transmission pattern (i.e.
a regular arrangement of spots) and rings are visible in
the RHEED pattern of the Nb layer which indicate island
growth and polycrystallinity, see Fig 2c.
Subsequently, the Fe/Nb multilayers were grown on
the 800◦C Nb buffer. The corresponding RHEED pat-
terns exhibit amorphous growth, i.e. blurred screens (not
shown). Increasing the Fe film thickness from 2 nm to
4 nm improves the film quality. The Fe layer becomes
polycrystalline while the Nb layer remains amorphous.
In contrast, for sample S6 which was grown on the 30◦C
Nb buffer, both layers reveal polycrystallinity with a cer-
tain texture, see Figs. 2d) and e). Finally the Pt cap is
always polycrystalline, see Fig. 2f).
2. X-ray diffraction
Fig. 3a shows the diffraction pattern measured on sam-
ple s3. Together with two reflections from the substrate
we observed a Nb(200) peak at 2θ = 55◦ with mosaicity
of the same order as the substrate peak. In agreement
with the observation by RHEED (Fig. 4b) we observed
that the Nb(200) peak is tilted off-specular a couple of
degrees which is a well-known feature of Nb growth on
Al2O3(11¯02) substrates [31, 32]. Similar patterns were
measured for all samples, except for sample s6 which was
(e) 6th Fe layer(d) 6th Nb layer
(b)
(a)
(c) 25nm Nb grown at 30°C
(f) Pt cap layer
(b) 25nm Nb grown at 800°C
(a) Al2O3
FIG. 2: RHEED patterns of a) the Al2O3(11¯02)
substrate, the Nb buffer layer grown at b) 800◦C and c)
30◦C. Growth stages of sample S6 of d) the 6th Fe layer
and e) the 6th Nb layer and f) the protecting Pt cap
layer.
grown at room temperature. For this sample we mea-
sured a typical polycrystalline pattern with coexisting
Nb(100) and Nb(110) phases (Fig. 3b).
D. Magnetic properties
1. SQUID measurements
Fig. 4a shows hysteresis loops measured on sample
s3 at T = 300 K and T = 13 K. At room temperature
the sample saturates to a magnetic moment msat = 12
µemu above a saturation field of only Hsat= 50 Oe. At
13K the saturation moment increases to msat= 40 µemu
and a field above Hsat ≈ 2 kOe is needed to saturate
the magnetic moment of the sample. The temperature
dependence of the magnetic moment atH = 250 Oe (Fig.
4b) shows that the moment is constant down to T ∼
100K, and grows upon further cooling to T = 8.2K. Below
this temperature a downturn of the magnetic moment
due to the Meissner effect is observed.
410 15 20 25 30 35
10
15
20
25
30
35
Nb (110)
Nb (200)
Al2O3 (20-4)
 
 
2 (
°)
1 (°)
1E+01
1E+02
1E+03
1E+04
1E+05Al2O3 (10-2)
(b)
10 15 20 25 30 35
10
15
20
25
30
35
Nb (200)
Al2O3 (20-4)
 
 
2 (
°)
1 (°)
1E+01
1E+02
1E+03
1E+04
1E+05Al2O3 (10-2)
(a)
FIG. 3: X-ray diffraction patterns for sample s3(a) and
s6(b). Dashed tilted lines show the direction of specular
reflection. The right bars show the logarithmic intensity
scale.
2. Polarized Neutron Reflectometry
Fig. 5a shows reflectivity curves measured on sam-
ple s3 at a temperature T = 13K in magnetic field
H = 4.5kOe. The curves are characterized by the total
external reflection plateau, interference oscillations and
the first Bragg peak at Q1 ≈ 2.1 nm−1. The intensity
of the Bragg peak R(Q1) ≡ R1 ≈ 4 × 10−5 is an or-
der of magnitude lower than calculated for the nominal
SLDs, indicating high interdiffusion of Fe and Nb. De-
spite this high interdiffusion we observed a statistically
significant difference of Bragg intensities for spin-up and
spin-down neutrons (see inset in Fig.5a) which suggests
the presence of magnetism in the periodic structure. A
similar picture was also observed for the samples s1 and
s2, which shows that the interdiffusion does not depend
strongly on the deposition temperature TPS. We fitted
experimental curves to models with varying SLDs, thick-
ness, rms roughness of all layers and magnetization of the
Fe layer. The resulting depth profiles ρ0(z) andM(z) are
shown in Fig. 5b. According to our model the SLDs in
the center of the Fe and Nb layers is ρFe = 6.0(2)× 10−4
nm−2 and ρNb = 5.0(2) × 10−4 nm−2. Using equation
(4) for Nav = (NFe + NNb)/2 we can estimate the con-
centration of iron atoms in the nominal Fe and Nb layers
as c = 90% and c=60%, respectively. In this estimation
we used the bulk densities NFe = 0.085 A˚
−3, NNb = 0.06
A˚−3 and scattering lengths bFe = 9.45 fm and bNb = 7.05
fm.
Samples s4 to s6 were measured at room temperature
in H = 4.5kOe and analyzed in the same way. The re-
sulting SLDs and magnetization are shown in table I.
All samples except s4 show strong intermixing of Fe and
Nb atoms which resulted in the suppressed magnetiza-
tion of order of 10% of the bulk value. For sample s4
with Fe(4nm) the layers become more separated which
leads to an increased magnetization of 50% of the bulk
value. Thus neutron reflectometry shows that our peri-
odic structures with x ≤ 2.5 nm form an FeNb alloy with
depth-modulated concentration and suppressed magneti-
zation.
E. Transport measurements
The inset of Fig. 6a shows the resistance W (T ) of
samples s3 and s6 measured during cooling from room
temperature to 10K in magnetic field H = 4.5 kOe. For
s3 we measured RRR = 18.6, a value which is typical
for MBE prepared S/F structures in the epitaxial regime
of growth [33, 34]. Similar values RRR from 16 to 20
were obtained for all samples except RRR = 3.4 for s6
which was deposited at room temperature and has poly-
crystalline quality (table I).
Fig. 6a shows the W (T ) curves for the s3 and s4 mea-
sured in zero magnetic field in the vicinity of the su-
perconducting transition. For sample s3 we observed a
60% drop of resistance below Tc1 = 8.9K. A similar drop
was observed for all samples, except for s4, for which the
initial drop was only 3%. Finally, below Tc2 ≈ 8K the
resistance falls to zero for all samples, evidencing the su-
perconducting transition. We mention that the second
transition coincides with the transition seen by SQUID
(inset in Fig. 4b).
Fig. 6b shows the W (H ,T ) phase diagram for sample
s3. The superconducting transition can be well described
by the expression Tc2(H) = Tc2(0)[1 − (H/Hc2(0))2]
with Hc2(0) = 12 kOe. This expression can be re-
written in the well known form for 2D superconductors:
Hc2(T ) = Hc2(0)
√
1− T/Tc2(0). From Hc2(0) we can
estimate the superconducting correlation length ξS = 12
nm, in agreement with the values found in other Nb-
based structures [24, 35].
III. RESULTS AND DISCUSSION
In this work we studied the structural, magnetic and
superconducting properties of [Fe(x)/Nb(1.5)]10 super-
lattices on top of a thick Nb(50) layer. The main
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characteristics are collected in table I. Our investiga-
tion has shown that Nb layer grows epitaxially on the
Al2O3(11¯02) substrate in the direction (100) at a tem-
perature of substrate during deposition TNb = 800
◦C.
This result agrees with Ref. [31]. Furthermore the sam-
ples grown at this temperature show high residual re-
sistivity ratios of order of 15-20. The sample deposited
at room temperature, in contrast, possesses a polycrys-
talline structure of the Nb(50) layer with a mixture of
(100) and (110) phases and a rather low RRR = 3.4
which is attributed to enhanced scattering of conduction
electrons at the grain boundaries.
Neutron reflectometry has shown that Fe/Nb superlat-
tices with x ≤ 2.5 nm form a depth-modulated FeNb alloy
with concentration of iron varying within the superlattice
unit cell between 90% and 60%. Based on the SQUID
data (Fig. 4) we can attribute the magnetic signal at
room temperature to the iron-rich Fe0.9Nb0.1 alloy, while
the signal below Tm ∼ 100 K originates from Fe0.6Nb0.4.
Though the thickness of our Nb spacer, 1.3nm, is close to
the values in Refs. [15–17] we did not observe any antifer-
romagnetic coupling, neither at room temperature nor in
low-temperature measurements. The reason of this dis-
agreement may originate from the amorphous Nb spac-
ers. The proximity of this depth modulated and weakly
magnetic layer to a thick superconductor causes the ap-
pearance of an intermediate phase between the normal
state (T > Tc1) with nonzero resistance and the super-
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temperature and 10K in H = 4.5kOe. (b) The H-T dependence of resistance of the sample s3. The bottom dashed
line show the dependence Tc2(H) = Tc2(0)[1− (H/Hc2(0))2] with Hc2(0) = 12 kOe. The upper dashed line is shifted
0.9K up from the bottom one to show borders of the intermediate state.
conducting state (T < Tc2) with zero resistance. This
state is characterized by a ∼50% suppressed resistance
and absence of the Meissner effect. We note that a
stand-alone Fe/Nb periodic structure itself can not be
a superconductor due to the absence of a clean and ori-
ented Nb phase. In this regard we may conclude that
the intermediate state is a result of the proximity effect
to the thick Nb layer. This proximity leads to the ap-
pearance of superconducting correlations in the periodic
structure. However, close to TC , the density of super-
conducting correlations is not enough to form a homo-
geneous superconducting phase in the whole structure.
Thus an inhomogeneous state with mixture of supercon-
ducting and normal-state domains both in the Nb(50nm)
buffer layer and Fe/Nb superlattice is formed leading to
suppressed (but nonvanishing) resistance and absence of
the Meissner effect.
In conclusion, we studied the structural, magnetic and
superconducting properties of [Nb(1.5)/Fe(x)]10 super-
lattices deposited on a thick Nb(50) layer. Our investi-
gation showed that the high deposition temperature TNb
= 800◦C results in high structural quality systems with
epitaxial Nb(50nm) layer and high residual resistivity ra-
tio of order of 15-20. By using neutron reflectometry we
have shown that Fe/Nb superlattices with x < 4 nm form
a depth-modulated FeNb alloy with concentration of iron
varying between 90% and 60%. This alloy has properties
of a weak ferromagnet with Curie temperature of order
of Tm ∼ 100K. Proximity of this weak F layer to a thick
superconductor leads to the presence of an intermediate
phase between normal and superconducting state. This
phase is characterized by co-existed domains of supercon-
ducting and normal-state phases. By increasing thickness
of Fe layer to x = 4 nm this phase was destroyed.
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